A key focus of research on pancreatic ductal adenocarcinoma (PDAC) is identifying new techniques to tailor gemcitabine and 5-fluorouracil treatments. Availability of tumor tissue is critical for the accurate assessment of gene expression, and laser microdissection (LMD) and primary cell cultures may be useful tools to separate tumor cells from the stromal reaction. The aim of this study was (1) to address the genetic profile relevant to drug activity and (2) to evaluate differences between microdissected and non-microdissected tumors, normal tissues, and primary cell cultures. Quantitative PCR of seven key genes was performed on mRNA from 113 microdissected and 28 non-microdissected tumors, a pool of normal tissues and four established primary cell lines. Protein expression was evaluated by western blot and immunocytochemistry and cytotoxicity by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide. LMD allowed the analysis of 110 samples and revealed significant differences in mRNA levels between microdissected tumors and normal tissues, as well as between non-microdissected and microdissected tumors from the same patients. In contrast, primary cell lines showed similar expression profiles with respect to their respective microdissected tumors. In particular, expression levels of human equilibrative nucleoside transporter-1 and thymydilate synthase were significantly related to gemcitabine and 5-fluorouracil cytotoxicity. We conclude that LMD is a reliable technique for mRNA extraction, and allows detection of significant differences in the expression of specific target genes when compared to non-microdissected specimens and normal tissues. Moreover, expression levels in microdissected tumors are similar to those observed in primary tumor cell cultures, both at mRNA and protein level, and are related to drug chemosensitivity. The use of these ex vivo techniques for molecular analysis of tumors therefore appears to be of some value in implementing the clinical management of PDAC. Pancreatic ductal adenocarcinoma (PDAC) is the fifth most common cause of death by cancer in the Western world, with an estimated incidence of more than 30 000 cases per year in the United States.
Pancreatic ductal adenocarcinoma (PDAC) is the fifth most common cause of death by cancer in the Western world, with an estimated incidence of more than 30 000 cases per year in the United States. 1 Because of the anatomic location of the pancreas and the delay of clinical symptoms, in 85% of patients PDAC is detected at advanced stages, characterized by infiltration of proximal lymph nodes and vascular structures, as well as metastasis to the liver or peritoneum. A recent study reports a promising light scattering method for minimally invasive and early detection of pancreatic cancer. 2 However, because of the extreme aggressive biological behavior and the lack of effective therapies, pancreas cancer has a poor prognosis even following surgical resection, and the 5-year survival for all stages of the disease remains o4%. 3 Chemotherapy and radiation may only allow for a marginal increase in survival. 3 Use of the deoxynucleoside analogue gemcitabine (2 0 ,2 0 -difluorodeoxycytidine) has been compared favorably with the standard radiochemotherapy treatment for pancreatic cancer. 4, 5 This molecule was able to inhibit the in vitro and in vivo growth of human pancreatic cells resistant to several other anticancer drugs, such as platinum compounds or 5-fluorouracil (5-FU), which are also widely used in the adjuvant and in the palliative second-line therapy of pancreatic cancer. 6 However, high variability in clinical response has been observed and future directions to improve systemic therapy of PDAC should include the identification of molecular markers predictive of response, which may help in the selection of the best drugs for each patient.
Gemcitabine activity can be regulated by several proteins involved in drug transport, metabolism and mechanism of action, such as human equilibrative nucleoside transporter-1 (hENT1), deoxycytidine kinase (dCK), 5 0 -nucleotidase (5 0 -NT), cytidine deaminase (CDA), and ribonucleotide reductase subunit M1 (RRM1). 7 Cells lacking hENT1 are highly resistant to gemcitabine, 8 and pancreas cancer patients with the highest hENT1 protein or mRNA levels in tumor tissues have significantly longer overall survival (OS) after gemcitabine chemotherapy than patients affected by tumors with lower hENT1 expression. 9, 10 Moreover, in the RTOG 9704 prospective randomized trial, hENT1 protein expression was associated with a statistically significant improvement in OS and disease-free survival in pancreatic cancer patients receiving gemcitabine. 11 Similar genetic and molecular considerations might be relevant to the chemotherapeutic activity of 5-FU, and several studies investigated the association between clinical response and intratumoral gene expression of the key enzymes thymidylate synthase (TS) 12, 13 and folylpolyglutamate synthetase (FPGS). 14 PDAC usually incites an intense desmoplastic reaction, [15] [16] [17] and recent studies have shown that the inflammatory and fibroblast cells in the stromal tissue exhibit different gene expression levels with respect to tumor cells. 18, 19 Hence, laser microdissection (LMD) may be critical in enabling molecular analysis of PDAC and its biological characteristics.
In this study, we established a reliable and flexible technique for LMD in PDAC frozen sections, which, in combination with quantitative PCR, allowed a very fast, technically easy, and precise isolation of specific cell populations for mRNA analysis of key genes involved in drug transport and metabolism. This technique was used to compare mRNA expression pattern of these genes in micro-and non-microdissected tumor samples as well as in normal tissues. Furthermore, we found that the expression levels in microdissected tumors were similar to those observed in primary cell cultures, both at mRNA and protein level, and were related to the chemosensitivity of these cell lines to gemcitabine and 5-FU. These findings suggest the use of these ex vivo models for molecular analysis to implement the clinical management of PDAC.
MATERIALS AND METHODS Patients Characteristics and Tissue Sampling
From December 2001 to July 2006, a total of 113 consecutive patients affected by PDAC were enrolled. Median age was 65 years (range, 22-83); 57 males and 56 females (Table 1) . Surgical procedures consisted of pancreaticoduodenectomy (46.0%), distal (18.6%) or total pancreatectomy (7.1%), or biopsy (28.3%). Exocrine pancreatic tumors were histologically classified as proposed by the WHO (World Health Organization). 20 As control, we also collected five cases of normal pancreatic tissues, obtained from the 'Organ Donor Program' at the University Hospital of Pisa (Italy). All tissue specimens analyzed in this study were obtained according to the institutional review board-approved procedures for 
LMD
Frozen tissue sections (5 mm) were thawed, fixed in 75% ethanol, stained with haematoxylin/eosin, and dehydratated in 100% ethanol and xylene. Neoplastic cells were then dissected using the Leica LMD6000 instrument (Leica, Wetzlar, Germany), as described previously. 21 Laser-captured cells were harvested in lysis buffer for RNA extraction. LMD was also used to obtain normal cells of epithelium ducts from five tissues pooled in a single cap, whereas in 28 cases RNA extraction was obtained from the whole tumor, without microdissection.
Isolation and Cultivation of Primary Cell Cultures
A total of 79 primary tumors were selected to set up primary cell cultures. The tumor tissue was washed extensively with phosphate-buffered saline and rinsed into approximately 1-mm 3 cubes; these were plated onto 25 cm 2 plastic flasks for primary tissue culture (PRIMARIAt Tissue Culture Flask, Becton Dickinson, NJ, USA) containing a solution (1 mg/ml) of type XI Collagenase (SIGMA-ALDRICH, St Louis, MO, USA), in RPMI-1640 medium (Invitrogen Corporation, NY, USA), supplemented with 10% fetal calf serum, L-glutamine (2 mM), streptomycin (100 mg/ml) and penicillin (100 U/ml) at 371C, in a humidified atmosphere containing 10% CO 2 . After 18 h, cells were harvested and seeded into a new flask. The medium was replaced every 3 days, until cell colonies were identified. All primary cell cultures were maintained by serial passages, once per week.
Cytotoxicity Studies
The cell growth inhibitory effect of gemcitabine and 5-FU was studied using the MTT assay both in primary cell cultures and in the established cell lines MIA PaCa-2, PANC-1, and Capan-1, cultured as described previously. 10 For this purpose cells were plated at 10 4 cells per well in 96-well plates (Costar, Corning, NY, USA). After 24 h cells were treated with 5-FU (0.1-1000 mM) or gemcitabine (0.1-1000 nM) for 72 h. At the end of the incubation, cells were incubated for 3 h at 371C in 50 ml MTT (final concentration, 0.5 mg/ml). Formazan crystals were dissolved in 150 ml of dimethylsulfoxide and the optical density was measured at 540 nm. Growth inhibition was expressed as the percentage of control (vehicle-treated cells) absorbance, corrected for absorbance before drug addition. The 50% inhibitory concentration of cell growth (IC 50 ) was calculated by nonlinear least square curve fitting (GraphPad Prism, Intuitive Software for Science, San Diego, CA, USA).
Western Blot
To evaluate the protein expression of dCK, RRM1, and TS, total lysates were prepared from cells by lysis in buffer containing 50 mM Tris (pH 7.6), 20% (v/v) glycerol, 5 mM DTT, 0.5% (v/v) NP-40, and 4.0% (v/v) of a protease inhibitor cocktail. Lysates were sonicated and centrifuged. The proteincontaining supernatant was collected and protein content was determined using a Bradford assay. In each lane of a minigel system (Bio-Rad, Hertfordshire, UK) 20 mg of proteins were loaded and separated on a 10% SDS-PAGE gel, followed by blotting onto a nitrocellulose membrane. The membrane was preincubated in blocking buffer for 1 h, whereas the mouse anti-human monoclonal TS antibody (1:100, TS-106 antibody, NeoMarkers, Fremont, CA, USA) and polyclonal mouse anti-human dCK antibody (1:500; Abnova, Taipei, Taiwan) were added overnight, at 41C. After washing in TBS-T, the blots were incubated for 1 h with specific horseradish peroxidase-labelled secondary antibodies (1:2000; DakoCytomation, Glostrup, Denmark). Antibody binding was detected using enhanced chemiluminescence (Amersham Pharmacia Biotech, Milan, Italy) and measured by densitometric scanning software (Kontron, Eching, Germany). As a loading control expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was determined using a specific antibody (1:10 000, Chemicon International, Temecula, CA, USA).
Immunocytochemistry
The cells were grown in Chamber Slides System (Lab-Tek, IL, USA) in a humidified incubator at 371C with 5% CO 2 . After 48 h the cells were fixed with acetic acid and methanol solution (ratio 1:3) at room temperature for 10 min. Immunocytochemistry (ICC) was performed using a specific monoclonal mouse anti-human RRM1 antibody (Chemicon, Hampshire, UK; overnight incubation and 1:30 dilution). The cells were then stained with avidin-biotin-peroxidase complex (Ultramarquet HRP Detection kit, Greenwood, AR, USA). Negative controls were obtained replacing the primary antibody with buffer. The sections were reviewed and scored blindly by comparing the staining of tumor cells vs adjacent fibroblasts derived from pancreas tumors by two pathologists (DC and LEP). As there are no validated scoring systems to interpret immunocytochemical staining for RRM1, we used a system based on staining intensity and on the number of stained cells. With regard to the intensity score, if the intensity was comparable to the adjacent fibroblasts, intensity was classified as 0; if the cells stained weakly, intensity was classified as 1 þ ; if the cells stained moderately, intensity was classified as 2 þ ; and if the cells stained strongly, intensity was classified as 3 þ . With regard to the number of cells, if none of the cells was stained the score was 0, if less than 25% of the cells were stained the score was 1 þ , if 25-50% of the cells was stained the score was þ 2, and if more than 50% of the cells were stained, the score was 3 þ .
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RNA Extraction
RNA was extracted from normal pancreatic ducts, primary and established cell cultures, microdissected and non-microdissected tumor tissue using the QiaAmp RNA mini-Kit (Qiagen, San Diego, CA, USA), and dissolved in 10 mM dithiothreitol in RNase-free water. RNA yields and integrity were checked by optical density at 260 nm with a UV-Vis Kontron Uvikon 940 spectrophotometer (Kontron, Milan, Italy), whereas testing for contamination by protein or by organic compounds, thiocyanates and phenolate ions was performed by measuring absorbance at 280 and 230 nm, respectively.
Quantitative PCR Analysis
After determining RNA quality by reverse transcription-PCR (RT-PCR) amplification of the widely used housekeeping gene GAPDH, from 50 to 500 ng RNA was reverse transcribed and the resulting cDNA was amplified by the 7900HT Sequence Detection System (Applied Biosystems, Foster City, CA, USA), as described previously.
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Forward and reverse primers and probes were designed using Primer Express 2.0 (Applied Biosystems) based on dCK (NM_000788), 5 0 -NT (NM_012229), CDA (NM_001785), TS (NM_001071), and FPGS (NM_001018078) gene sequence obtained from the Genbank, whereas primers and probes for RRM1 (NM_001033) and hENT1 (NM_004955) were obtained from Applied Biosystems Assay-on-Demand products (Hs00168784 and Hs00191940).
To determine the primer concentrations that give the best reproducibility (detected as minimum standard deviation (s.d.) between threshold cycle (C T ) values assessed in quadruplicate experiments), we prepared four PCR reactions with all the combinations of forward and reverse primers at 300 and 900 nM concentrations and demonstrated that the optimal primer concentration was 300 nM for both forward and reverse primers for dCK, 5 0 -NT, and TS and 900 nM for CDA and FPGS. A validation experiment was also carried out to demonstrate that efficiencies of the target and reference (GAPDH) were approximately equal, using a relative standard curve method with several dilutions of the cDNA obtained from Q-PCR Human Reference Total RNA (Stratagene, La Jolla, CA, USA). As all calculations were based on the C T of the amplification plot in triplicate experiments, and as the higher the expression, the lower is the C T , data are expressed as GAPDH/target gene ratio, in order to give a direct comparison of gene expression level. Specimens were amplified in triplicate with appropriate nontemplate controls, and the coefficient of variation was o1% for all replicates.
Statistical Analysis
All experiments were performed in triplicate and were repeated at least three times. Data were expressed as mean values±s.d. and were analyzed by Student's t-test, using the GraphPad Prism software (GraphPad Prism, Intuitive Software for Science). The Pearson's/Spearman's correlation test and regression analysis were used to demonstrate the relationship between gene and protein expression profile and chemosensitivity; the level of significance was Po0.05.
RESULTS

Cell Cultures
From 79 primary tumors selected to set up primary cell cultures, we obtained 8 (12.7%) primary cell cultures (LPc006, LPc028, LPc033, LPc053, LPc067, LPc103, LPc111, and LPc167). RNA extracted from these primary cell cultures was used for gene expression analysis. In particular, in this study we used only the most stable primary cell cultures, after the 20th passage (LPc006, LPc028, LPc067, and LPc167 cells).
LMD and RNA Extraction LMD was performed on 113 PDAC samples including 81 cases analyzed in a previous pharmacogenetic study, 10 and four tumor specimens from which the primary cell cultures described above were derived. LMD was also performed on Expression of drug-related genes in PDAC samples N Funel et al five specimens from normal ducts, and the cells from these tissues were used to obtain a normal tissue pool. For each sample, LMD allowed to pick up specimens of 5000 cells, which were harvested directly into the cap of a 200 ml microfuge tube. The precision of the narrow focus of the laser beam resulted in the capture of individual cells with high degree of accuracy and extremely low risk of contamination (Figure 1 ). In 28 randomly selected PDAC cases, the sampling was also performed on whole tissue, without LMD, using 3 cryostatic sections (thickness of 40 mm).
RNA was extracted from all these tumor samples, as well as from the normal tissue pool and from a pool of 10 6 cells of the four primary cell cultures described above, as well as from MIA PaCa-2, PANC-1, and Capan-1 cell lines. The analysis of protein contamination by absorbance reading demonstrated that most samples were pure, showing an optimal 260/280 ratio (1.8-2.0).
mRNA Gene Expression
After determining RNA quality using RT-PCR amplification of the housekeeping gene GAPDH, a total of 110 microdissected samples were evaluable, whereas three subjects had no suitable RNA for gene expression analysis. In these samples, quantitative assessment of the results of the gene expression analysis showed that mRNA expression of CDA was detectable in all the 110 samples, whereas the mRNA expression of dCK, 5 0 -NT, RRM1, hENT1, TS, and FPGS was detectable in 109, 106, 104, 109, 96, and 72 specimens, respectively.
The plot in Figure 2 shows the variability of the gene expression observed across the cohort of all the pancreatic cancer patients subjected to transcription analysis. Quantitative PCR data showed that the variability of triplicate C T values in individual samples was always lower than 0.3% of mean values, and allowed to detect a moderate inter-patient variability, with mean values ± s.d. ranging from 0.953 ± 0.069 (5 0 -NT) to 0.841 ± 0.162 (FPGS). It is worth noting that the gene expression profile differed significantly between WHO grade 1/2 (n, 48) and grade 3 (n, 33) samples. Indeed, hENT1 mRNA levels in WHO grade 3 specimens were significantly lower with respect to those measured in grade 3 PDAC samples (1.254 ± 0.208 vs 1.151 ± 0.215, respectively, P ¼ 0.035; Table 2 ). However, histological grading was not associated with significant differences in dCK, 5 0 -NT, CDA, RRM1, TS, and FPGS mRNA levels ( Table 2) .
The mRNA expression of dCK, 5 0 -NT, CDA, RRM1, hENT1, TS, and FPGS was also detected in the microdissected duct samples, and the statistical analysis revealed significant differences in mRNA expression levels between microdissected tumor tissues and normal pancreatic tissues for all the studied determinants (Table 3) .
Similarly, the comparison of dCK, 5 0 -NT, CDA, RRM1, hENT1, TS, and FPGS expression levels among the nonmicrodissected tumor tissues and the respective microdissected samples with the paired Student's t-test demonstrated a meaningful statistical variation in 6 out of the 7 genes analyzed (Figure 3) . In particular, a significant a Statistical analysis was performed by unpaired two-tailed Student's t-test, using the GraphPad Prism software, as described in the Materials and methods section. 
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Finally, the PCR analysis of dCK, 5 0 -NT, CDA, RRM1, hENT1, TS, and FPGS showed similar gene expression profiles in the four established primary cell cultures (Figure 4) , with differences in mean gene expression values ranging between 0.9% (variation of RRM1 mRNA expression in the LPc006 cell line and its respective microdissected tumor) and 22.8% (variation of hENT1 mRNA expression in the LPc028 cell culture and respective microdissected tumor). However, in most cases differences of gene expression values observed in cell lines with respect to those quantified in their respective microdissected tumor tissues were less than 5%.
In Vitro Studies A dose-dependent inhibition of cell growth was observed after both gemcitabine and 5-FU treatment, with IC 50 s of 7.2±1.3 nM and 176.2±64.0 mM (LPc006), and 1.3±0.2 nM and 107.3±20.2 mM (LPc028), 5.5±0.1 nM and 94.9± 24.9 mM (LPc067), and 9.7 ± 0.1 nM and 136.2 ± 8.3 mM (LPc167), respectively (Figure 5a and b) . Similar results were observed in the commercial pancreatic cancer cell lines, MIA PaCa-2, PANC-1, and Capan-1 cells, with IC 50 s of 5.9 ± 0.8, 17.9±1.8, and 7.2±1.3 nM, and 153.3±23.9, 201.4±24.5, and 146.1±11.5 mM for gemcitabine and 5-FU, respectively. Therefore, among the primary cell lines, LPc067 and LPc028 were the most sensitive cell lines to gemcitabine and 5-FU, respectively, whereas LPc006 were the most resistant cells to 5-FU, and LPc167 were the least sensitive cells to gemcitabine.
TS, dCK, and RRM1 expression were also studied at the protein level, using western blotting and ICC. Representative examples are shown in Figure 5c . These analyses showed relevant differences in dCK and TS expression among the four PDAC primary cell cultures. In particular, TS protein expression was twofold lower in LPc067 than in LPc006 cells, whereas TS levels in LPc028 and LPc167 cells were comparable. Similarly, as shown in Figure 5c , the LPc006 cells showed the highest dCK protein levels, whereas the faintest bands were observed in the extracts of LPc028 and LPc167 cells, and the lowest dCK expression was detected in the LPc067 cells.
Upon immunohistochemical examination, neoplastic cells showed variable RRM1 staining, which was related to their gene expression. In comparison with the fibroblasts (Figure  5d, left upper panel) , the LPc006 cells, characterized by the higher mRNA levels, presented strong ( þ 3) and diffuse ( þ 3) staining (Figure 5d , right upper panel), whereas cells with an intermediate level of RRM1 mRNA (LPc028) showed moderate positivity (intensity score, þ 2, number of cells score, þ 3). Finally, cells with a slightly lower RRM1 mRNA expression (LPc067 and LPc167) had an intensity score of þ 2, whereas the number of stained cells was þ 2 (Figure 5d , right lower panel).
The variability in the expression of genes involved in the action of both gemcitabine and 5-FU in the PDAC cells may be involved in the different sensitivity to drug treatment.
Although the small sample size of cell lines used in this study precluded the assessment of the predictive value of gene expression data as validated determinants of drug sensitivity, a clear correlation was found between the IC 50 values of gemcitabine and the mRNA expression of hENT1 (R 2 ¼ 0.931, P ¼ 0.035, Figure 5e ), ie, the lower chemosensitivity of the LPc167 cells to gemcitabine might depend on the lower mRNA expression of hENT1, with respect to the other cell lines (Figure 4) . Similarly, the LPc006 cell line showed the highest expression of TS, associated with the lowest activity of 5-FU, despite a high expression of FPGS. In contrast, the 5-FU-sensitive LPc067 cells showed the lowest TS expression. Indeed, a significant correlation was also found between TS mRNA expression and 5-FU cytotoxicity (R 2 ¼ 0.839, P ¼ 0.042). To further investigate the relationship between gene expression and drug sensitivity, we also evaluated hENT1 and TS mRNA levels in MIA PaCa-2, PANC-1, and Capan-1 cells. In agreement with the previous data, the highest and the lowest expression of hENT1 (ie, 1.05 and 0.68 arbitrary units (a.u.), calculated as mean relative mRNA expression with respect to GAPDH) were detected in the most and in the least sensitive cell lines (ie, MIA PaCa-2 and PANC-1 cells, respectively). Furthermore, the hENT1 mean expression values from all the seven studied cells significantly correlated with gemcitabine sensitivity (R 2 ¼ 0.803, P ¼ 0.037). The analysis of TS mRNA levels in MIA PaCa-2, PANC-1, and Capan-1 cells (1.08, 1.25, and 0.93 a.u., respectively) also confirmed the significant correlation between TS mRNA expression and 5-FU cytotoxicity (R 2 ¼ 0.908, P ¼ 0.010, in the seven studied cells).
However, no correlations were found between dCK, CDA, 5 0 -NT, and FPGS mRNA gene expression and drug sensitivity in this panel of seven PDAC cells.
TS and dCK protein were measured with western blot in primary cell cultures and the analysis of band density demonstrated a significant link between both dCK and TS mRNA and protein expression in control cells, with r 2 values of 0.877 and 0.869, respectively (Po0.05). However, the dCK expression was not correlated to gemcitabine chemosensitivity (Figure 5f ), whereas 5-FU sensitivity was correlated to both TS mRNA and protein levels (Figure 5g ).
DISCUSSION
High-throughput technology is continually being invented and refined to allow increasingly sensitive molecular analysis of tissue samples. As new cutting-edge quantitative expression analytical procedures and instruments are developed, more rigorous demands are placed on sample preparation techniques. Using LMD in combination with these sensitive analytical methods, investigators may obtain more accurate molecular data and address previously unanswerable questions arising from samples characterized by different cellular populations.
This technology is crucial to avoid several problems in gene expression studies in samples from adenocarcinomas of Expression of drug-related genes in PDAC samples N Funel et al 
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N Funel et al the exocrine pancreas. Indeed, this malignancy is characterized by a dense desmoplastic stromal component, with islets of neoplastic cells representing only a fraction of the tumor mass. 22 Contiguous non-neoplastic areas of the pancreas may be affected by dysplastic changes or show chronic pancreatitis depending on whether there is distal obstruction of the pancreatic duct. 23 Furthermore, PDAC originates from pancreatic ductal epithelium, a cell type that accounts for less than 5% of pancreatic tissue. For these reasons, the use of contiguous normal human pancreas tissue from resection specimens may be inappropriate as control. Indeed, previous studies demonstrated that, in comparison with normal ductal pancreatic cells obtained through an organ donor program, PDAC tissue specimens revealed differentially expressed genes belonging predominantly to the stromal component of the tumor. 24 Significant differences in gene expression were also found between normal pancreas and tumor-cell microdissected samples. 18 Therefore, in order to accurately measure the expression levels of drug-related genes in tumor cells, homogenous populations of neoplastic ductal cells from freshly frozen samples of pancreatic cancer patients were obtained by the LMD technique. In order to compare mean gene expression values of gemcitabine and 5-FU determinants in tumor and normal tissues, we used normal ductal pancreatic cells obtained from healthy individuals. The analysis of differences in the gene expression in long-time stabilized primary cell culture with respect to their primitive tumors was aimed at evaluating the possible role of this preclinical model for new therapeutic approaches, including pharmacological modulation of expression of genes involved in drug activity.
In agreement with previous studies, [23] [24] [25] the high precision and affordability of the LMD technology allowed us to obtain samples containing about 95% of tumor cells, and provided RNA samples of good quantity and quality. The integrity of extracted RNA is essential for gene expression analyses and it is crucial if used in studies involving the pancreas, an organ with high endogenous nuclease activity. 26 Hence, we examined the quality of the RNA extracted from each specimen by both absorbance reading, showing an optimal 260/280 ratio, and preliminary PCR amplification of GAPDH.
The successive validated quantitative PCR analysis was a reliable, sensitive, and specific technique to assess mRNA gene expression, even when sample material was limited. This enabled the measurement of mRNA gene expression in 110 out of 113 microdissected samples. It is noteworthy that techniques used in the present study allowed the accurate analysis of tissue gene expression within 6 h after sample delivery to the laboratory.
The comparison of 28 microdissected and non-microdissected tumor tissues revealed significant differences in expression levels of genes potentially affecting gemcitabine and 5-FU activity. These results are in agreement with the data obtained in previous studies on differences between neoplastic tissue and normal tissue or between neoplastic tissue and chronic pancreatitis, 19 and might lead to clinically relevant applications. Indeed, several in vitro and in vivo studies demonstrated the fundamental role of molecular determinants involved in gemcitabine uptake and metabolism, such as hENT1 and dCK, 27 whereas recent pharmacogenetic studies revealed that TS and hENT1 are prognostic factors in 5-FU-treated 13 and gemcitabine-treated PDAC patients. 10 In particular, in our previous analysis, we detected a significant correlation between gene expression values of hENT1 and clinical outcome in 81 gemcitabine-treated patients, using microdissected tumor specimens. 10 In contrast, no correlation was observed between OS and dCK mRNA expression in microdissected pancreatic cancer specimens. Similarly, both the mRNA and the protein levels of dCK were not related to clinical outcome in non-small-cell lung cancer (NSCLC) patients treated with gemcitabine-based chemotherapy. [28] [29] [30] Further analysis of gene expression profile in PDAC tumors according to their histological grade demonstrated that WHO grade 3 neoplasm displayed significantly lower hENT1 mRNA levels than grade 1/2 tumors. In view of the relevant role of hENT1 in the response to gemcitabine, these results suggest that the sensitivity profile to gemcitabine may change with respect to histological grade of neoplasms. Several studies demonstrated that histopathological grading could be useful for predicting prognosis in PDAC patients. 31, 32 The multivariate analysis performed in our previous study showed that both disease grading and hENT1 expression are significant independent prognostic factors of PDAC. 10 However, a recent prospective study reported that hENT1 protein expression was associated with a statistically significant improvement in OS and disease-free survival in pancreatic cancer patients receiving gemcitabine, but not in those not receiving gemcitabine. 11 In our study a statistically significant difference was also documented comparing the microdissected tumor tissue and the microdissected normal tissue, as well as between the microdissected tumor tissue and the non-microdissected tumor tissue. The expression levels of dCK, 5 0 -NT, and CDA were gradually reduced from normal ductal epithelium to microdissected tumor tissue and, finally, to non-microdissected tumor. Similar results were reported by a previous study performed with LMD and quantitative PCR to evaluate differences among PDAC, normal pancreatic tissue, and stroma. 18 This analysis demonstrated that mean levels of expression of molecules involved in cellular trophism were lower in tumor with respect to normal tissues. However, we found higher mean levels of RRM1, hENT1, TS, and FPGS in microdissected tumors with respect to both non-microdissected tumors and normal tissues. The proteins studied in our samples belong to the normal protein pattern of human cells, and the elevated mRNA gene expression levels of several of these proteins in the normal pancreatic duct cells may be explained by the functional activity of these cells. Indeed, the normal epithelium may synthesize different types of proteins Expression of drug-related genes in PDAC samples N Funel et al in comparison to tumor cells, which devote the greatest part of cellular metabolism to proliferation. In contrast, the lowest values of expression found in most non-microdissected samples might be justified by the major amount of stroma, constituted by a mix of fibroblasts, inflammatory cells and normal pancreatic parenchyma.
Previous studies showed no significant differences between TS expression in colorectal tumor and normal mucosa, 33 whereas the present study showed a different profile of TS in tumor and normal pancreas, suggesting that the highest expression of TS may reduce 5-FU antitumor activity. In contrast, other data suggested that upregulation of hENT1 may occur in certain solid tumors, 34 and the highest expression of hENT1 detected in PDAC samples with respect to normal pancreas specimens may improve gemcitabine uptake and its therapeutic effect, even if other studies did not support the present results. 35 Finally, although the mean difference of expression levels between non-microdissected and microdissected tumors is above 20%, we found a mean difference of only 5% in gene expression values in the comparison between primary cell cultures and their respective microdissected tumors.
These results suggest that both the LMD and the establishment of primary cell culture, with different methodological approaches, succeeded in eliminating the stroma, which can mask the true expression of several genes in PDAC cells.
The LPc167 cells showed the lowest sensitivity to gemcitabine and this finding was associated with the lower mRNA expression of hENT1 than in the other cell lines. In contrast, the LPc067 cells, the most sensitive to gemcitabine, showed the highest hENT1 gene expression. These results are in agreement with previous studies showing that the basal expression levels of hENT1 were significantly correlated with the IC 50 values for gemcitabine in 22 NSCLC cell lines or with pancreatic carcinoma and biliary tract carcinoma cell lines. 36, 37 Other data suggest that the sensitivity of pancreatic cancer cells to gemcitabine is determined by the ratio of gene expression of several factors involved in gemcitabine transport and metabolism, including hENT1, dCK, and RRM1. 38, 39 Similarly, the LPc006 cell line had the highest expression of TS, associated with the lowest activity of 5-FU, whereas the 5-FU-sensitive LPc067 cells had the lowest TS expression. Thus, the results of the present in vitro studies provide further evidence to sustain the importance of mRNA level measurement in target tissue for a tailored chemotherapy.
Furthermore, the results concerning the significant relationship between mRNA and protein expression of dCK, RRM1, and TS are in agreement with previously published data in different cell lines and xenografts. [40] [41] [42] These findings further support the use of quantitative PCR, which is a highly sensitive technique and a valuable tool for tumor cell-specific analysis of gene expression, even when the sample material is limited.
Therefore, both LMD and PCR technologies, and the primary cell cultures may play a pivotal role in future pharmacogenetic studies on the gene expression of molecular determinants of drug activity. In particular, a major issue in the next years will be the validation of these biomarkers in several prospective trials. Recent trials of customized chemotherapy based on genetic markers have been carried out in NSCLC and promising pharmacogenetic markers are gaining momentum. 43, 44 Hopefully, validated biomarkers to select PDAC patients most likely to respond to tailored chemotherapeutic protocols will be established in the near future.
In conclusion, this study demonstrates that (1) LMD is a reliable and non-destructive technique for RNA extraction, (2) the selection of tumor cells by LMD allows detection of significant differences between the expression of several genes potentially involved in drug activity with respect to expression levels observed in non-microdissected specimens, as well as in normal tissues, and (3) the expression levels of microdissected tumor samples are similar to those detected in primary cell cultures, both at mRNA and protein level. We also demonstrate that hENT1 and TS expression levels are related to chemosensitivity in vitro. Hence, the use of these ex vivo models for molecular tumor analysis may be of particular value in implementing the management of chemotherapy in patients affected by PDAC.
